We have investigated the process margin for fabrication of line/space directed self-assembled (DSA) patterns using a simulation method based on self-consistent field theory. We studied three systems, namely, chemoepitaxial DSA using lamellar-forming block copolymers (BCPs), graphoepitaxial DSA using lamellar-forming BCPs, and graphoepitaxial DSA using cylindrical BCPs. In the case of the chemoepitaxial DSA, both the subtle change of the wetting condition and the topography of the prepattern surface were found to strongly affect the process margin of the pinning layer width. In the case of the graphoepitaxial DSA using cylindrical BCPs, both the pattern pitch and CD of the forming DSA cylindrical patterns were found to intensely depend on both the trench width and the film thickness of the BCPs.
1.Introduction
Directed self-assembly (DSA) lithography, which combines self-assembling block copolymer materials (BCP) and lithographically defined prepatterns, has emerged as a candidate for extending optical/EUV lithography beyond sub-10 nm. So far, some process flows using different types of BCPs (lamellar/cylindrical BCPs) and different types of prepatterns (graphoepitaxy/ chemoepitaxy) have been proposed. Lamellar BCPs are used for fabrication of line/space patterns, and cylindrical BCPs are used for hole patterns in the case of perpendicular orientation and for line/space patterns in the case of horizontal orientation. For practical manufacturing purposes, it is crucially important to evaluate the DSA lithography process margin for each process flow and each process condition. Many process conditions should be taken into consideration for optimization through simulations capable of replicating the DSA lithography experiments. A number of simulation studies evaluating the DSA lithography process margin have been reported lately, such as those employing self-consistent field theory (SCFT) [1] [2] [3] [4] [5] , dissipative particle dynamics (DPD) [6] [7] [8] , Monte-Carlo theory (MC) [9] , approximated mean field theory [10] , and compact model [11] . These simulation methods are reported to be in good agreement with the DSA lithography experiments.
In this work, we report on the process evaluation results for fabrication of line/space patterns using a simulation method based on SCFT. We investigated three systems, namely, chemoepitaxial DSA using lamellar-forming BCPs, graphoepitaxial DSA using lamellar-forming BCPs, and graphoepitaxial DSA using cylindrical BCPs, as shown in Fig. 1 . Some simulation results on the process margins for each process flow are discussed. Fig. 1 shows a schematic view of our simulation model. We modeled AB diblock copolymers as a standard continuous Gaussian chain composed of segments A and segments B. Interactions between A and B segments are mediated through the Flory-Huggins parameter χ AB . In this work, we used χ AB = 20 , where N is a number of monomers. The volume fraction of A and B is 1:1 in the case of lamellar BCPs, and 3:7 in the case of cylindrical BCPs. The AB diblock copolymers are confined by 3 wall particles represented by a top coat, a background layer, and a pinning layer/trench sidewall. The interactions between each diblock copolymer segment (A and B) and each wall particle (top coat, background layer, pinning layer, trench sidewall) are modeled by using Flory-Huggins-like interactions as well. We defined wall affinity parameter χ w as χ w = χ WA − χ WB , where χ wA and χ wB are the Flory-Huggins-like parameter for wall-A segment interactions, and that for wall-B segment interactions, respectively. Here w denotes top coat/air, pinning layer, background layer, trench sidewall, respectively. When χ w is negative, the wall boundary has a preferential attraction to A segment of diblock copolymers. On the other hand, when χ w is positive, the wall boundary has a preferential attraction to B segment. Thus, we can model the wetting conditions of the wall surface by parameters χ w .
2.Simulation Model

3.Chemoepitaxial DSA
The control of the affinities and topographies of the prepattern surfaces is important in the case of chemoepitaxial DSA. In this chapter, we report on our investigation of the process margin of the pinning layer width W pinning that strongly depends on the pinning layer affinity χ p , background layer affinity χ bg , and the step height difference Δh between the top of the pinning layer and that of the background layer. We assumed that the top coat has a neutral affinity (χ top = 0), the pitch of the pinning layer is 4L 0 , and the film thickness is 1.5L 0 , where L 0 is a forming lamellar pitch of BCPs. We report on the simulation results on the pinning layer affinity χ p in section 3.1, the results on the background layer affinity χ bg in section 3.2, and the results on the step height difference Δh in section 3.3. The process margin was investigated by evaluating the stability of the phase separation using the free energy analysis method, which is described in reference[5] in detail.
The affinity of the pinning layer
Fig . 2 shows the most stable phase separation patterns for each pinning layer width W pinning and each pinning layer affinity χ p . Each pinning layer affinity χ p = −1, −2, −3 corresponds to the surface of the pinning layer that is strongly/intermediately/weakly attractive to A-segment. (a) shows the results for the background layer that has neutral affinity to two segments of BCPs(χ bg = 0), and (b) shows the results for the background layer that is weakly attractive to B-segments ( χ bg = 0.4). Our free energy analysis revealed that the phase separation is unstable in the shaded region. The acceptable pinning layer width is shown in a solid filled region. As we can see in both cases shown in (a) and (b), the acceptable pinning layer width decreases when the affinity of the pinning layer (the absolute value of χ p ) gets larger. Simulation results for χ bg = 0.4 (the background layer is weakly attractive to B-segment of BCPs) and Δℎ = 0 (no step height difference). In both cases, the process margin of the pinning layer deteriorates when the pinning layer affinity (the absolute value of χ p ) is too large.
The affinity of the background layer
In regard to the background layer affinity, there have been some noteworthy previous studies reported by Chi-Chun Liu, et al [9] . Utilizing the Monte Carlo simulation method, they studied the process margin of the pinning layer width that intensely relates to the background layer affinities. They revealed that the optimal background is not non-preferential but instead is preferentially wet by B-segment when the pinning layer is attractive to A-segment. In this section, we have verified these results by our SCF simulation method as well.
We studied the systems where the pinning layer is strongly attractive to A component (χ p = −3). Fig. 3 shows the most stable states for each pinning layer width W pinning and each background layer affinity χ bg . The acceptable pinning layer width was shown as a solid filled region. Although the acceptable pinning layer width W pinning is less than around 0.6L 0 when the background layer is non-preferential (χ bg = 0), the acceptable pinning layer width W pinning is found to be less than around 0.8L 0 when the background layer is less strongly attractive to B component of diblock copolymer (χ bg = 0.6). This result means that the process margin of the pinning layer width W pinning improves when the background layer is weakly B-attractive. Therefore, our simulation results were found to be in good agreement with the previously reported results by the Monte Carlo simulation. Moreover, it should be noted that the horizontal lamella patterns are observed when the affinity of the background layer χ bg is too large (χ bg =1.0). Thus, the process margin of the pinning layer width improves when the absolute value of χ bg is not too large (less than around 0.6) and χ bg has the opposite sign to χ p .
3.3
Topography of the bottom In this section, we discuss the process margin of the pinning layer width W pinning when there is a step height difference Δh between the top of the pinning layer and that of the background layer. The background layer we studied in this section is neutral to two diblock copolymer components (χ bg = 0). Fig. 4 shows the most stable states when the pinning layer width W pinning is in the range from 0.5L 0 to 1.1L 0 and the step height difference is 0.3L 0 , 0.2L 0 , 0.1L 0 , 0, -0.1L 0 , -0.2L 0 , -0.3L 0 , respectively. The pinning layer affinity is either χ p = −2 (intermediately attractive to A-segment, shown in (a)) or χ p = −3(strongly attractive to A-segment, shown in (b)). A solid filled region indicates the acceptable process conditions analyzed by the free-energy analysis method. = 0. The process margin of the pinning layer width is improved when the top of the background layer is 0.1L 0 higher than that of the pinning layer. Moreover, in this condition, the process margin of the pinning layer width is also improved when the top of the pinning layer is 0.2L 0 higher than that of the background layer.
In both affinity conditions, when the top of the background layer is 0.3L 0 higher than that of the pinning layer ( Δh = 0.3L 0 ), we observed a complex behavior of the DSA pattern shapes and we cannot accept these process conditions. However, when the top of the background layer is slightly, around 0.1L 0 , higher than that of the background layer ( Δh = 0.1L 0 ), the acceptable width of the pinning layer was found to get larger. This manifests that the process margin of the pinning layer width is improved when the top of the background layer is slightly higher.
On the other hand, when the top of the pinning layer is higher than that of the background layer, the behavior of the acceptable pinning layer width becomes somewhat complicated. In both simulation conditions as shown in Fig. 4(a) and (b) , the process margin of the pinning layer width deteriorates when the top of the pinning layer is 0.3L 0 higher than that of the background layer (Δh = 0.3L 0 ). However, interestingly, we observed the improvement of the pinning layer width when the top of the pinning layer is 0.2L 0 higher than that of the background layer (Δh = 0.2L 0 ) in the case of χ p = −3. This suggests that the process margin dependence on step height difference Δh behaves differently because of the affinity of the pinning layer affinity χ p .
4.Graphoepitaxial DSA
In the case of graphoepitaxial DSA as shown in Fig. 1 (b) and (c), we investigated the process margin of the trench width W trench (section 4.1) and the film thickness of BCPs (section 4.2).
Process margin of the trench width
In the case of graphoepitaxial DSA using lamellar BCPs, the process margin of the trench width W trench was investigated for various affinities of the trench surface. The simulation conditions used in this section are as follows: The film thickness is 1.5L 0 , and the bottom and the top are neutral to two blocks of BCPs. Fig. 5 (a) shows the most stable states for each trench affinity χ trench and each trench width W trench . The acceptable trench width shown as a solid filled region hardly depends on the trench affinities. To clarify in greater detail, we investigated the stability of the phase separation by evaluating the free energy difference between the most stable and metastable states. Fig. 5 (b) shows the most stable and metastable states for trench width W trench = 4.6L 0 , 5.4L 0 , respectively. The free energy difference between the two states is shown in Fig.  5(c) . When the free energy difference is large, the phase separation is stable. By contrast, when the free energy difference is small, the system becomes unstable and we can not accept the process conditions. Thus, by evaluating the free energy difference, we can evaluate the feasibility of the process conditions. As is specifically shown in the Figure, the free energy difference scarcely depends on the affinity of the trench wall χ trench . This manifests that the stability of the phase separation is largely independent of the affinity of the trench surface. 
5.Conclusions
In this work, we have investigated the process margin for fabrication of line/space DSA patterns using a simulation method based on SCFT. We studied three systems, namely, chemoepitaxial DSA using lamellar-forming BCPs, graphoepitaxial DSA using lamellar-forming BCPs, and graphoepitaxial DSA using cylindrical BCPs.
In the case of the chemoepitaxial DSA, the wetting condition and the topography of the prepattern surface were found to affect the process margin of the pinning layer width intensely. The process margin of pinning layer width was found to be: (1) worse when pinning layer affinity is too large, (2) better when background affinity has the opposite sign to the pinning layer affinity, (3) better when the top of the background layer is 0.1L 0 higher than that of the pinning layer. In the case of the graphoepitaxial DSA, the process margin of the trench width is largely unaffected by the trench wall affinity. In the case of the cylindrical BCPs, both the CD and the pitch of the forming cylindrical pattern strongly depend on both the trench width and the film thickness of the BCPs.
